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Abstract

Loss of expression for both theestrogen receptor-a and E-cadherin
genes has been linked to disease progression in human ductal breast
carcinomas and has been associated with aberrant 5* CpG island meth-
ylation. To assess when, during malignant progression, such methylation
begins and whether such methylation increases with advancing disease, we
have surveyed 111 ductal carcinomas of the breast for aberrant methyl-
ation of the estrogen receptor-a and E-cadherin 5* CpG islands. Hyper-
methylation of either CpG island was evident prior to invasion in;30%
of ductal carcinoma in situ lesions and increased significantly to nearly
60% in metastatic lesions. Coincident methylation of both CpG islands
also increased significantly from ;20% in ductal carcinoma in situ to
nearly 50% in metastatic lesions. Furthermore, in all cases, the pattern of
methylation displayed substantial heterogeneity, reflecting the well-estab-
lished, heterogeneous loss of expression for these genes in ductal carcino-
mas of the breast.

Introduction

Human breast carcinomas most frequently evolve from the epithe-
lial lining of the terminal mammary ducts as DCIS3 that may pro-
gressively become invasive and ultimately metastatic (1). The trans-
formation of normal mammary epithelial cells into a carcinoma and
the subsequent progression to invasion and metastasis involve the
accumulation of numerous genetic “hits,” including the activation or
amplification of dominant oncogenes and the deletion or inactivating
mutation of key tumor suppressor genes (2). It has recently become
evident that tumor suppressor genes may also be transcriptionally
silenced in association with aberrant promoter-region CpG island
methylation (3, 4).

TheERa gene and theE-cadgene have been implicated frequently
in the initiation and/or progression of human breast cancer. Loss of
expression of either gene has been associated with poorly differenti-
ated tumors and poorer prognosis (5–10). Furthermore, several studies
have reported an association between E-cad and ER expression in
breast tumors (7, 9, 10). In the case of E-cad, classical mutations and
deletions may play a role in loss of gene expression (11, 12). How-
ever, loss of E-cad expression, as well as loss of ER expression, has
also been associated with aberrant 59 CpG island methylation in breast

cancer cell lines and primary human breast tumors (13–18). It is
currently unclear when, during malignant progression of ductal breast
carcinoma, aberrant methylation of these CpG islands begins and
whether the incidence of such methylation tracks with advancing
disease for either or both genes. Therefore, we have evaluated a total
of 111 ductal breast carcinomas for the incidence of CpG island
methylation for these two key suppressor genes inin situ, invasive,
and metastatic lesions. Our results indicate that the aberrant methyl-
ation of either CpG island begins before invasion and increases with
metastatic progression. Coincident methylation of both CpG islands
also increases with progression, suggesting that the malignant pro-
gression of ductal breast carcinoma involves the accumulation of
multiple epigenetic “hits.”

Materials and Methods

Tissue Samples.A total of 111 human breast tumor samples identified as
DCIS, IDC, and LA/MDC were obtained from the Department of Pathology at
Johns Hopkins University School of Medicine and from the Department of
Pathology at Vanderbilt University Hospital. Seventy-five % of the LA/MDC
samples were derived from lymph nodes, whereas the remaining 25% con-
sisted of samples from a variety of sites including the chest wall, bone, and
lung. Two cases of recurrent breast cancer after lumpectomy were also in-
cluded. In the case of DCIS, samples were carefully microdissected prior to
DNA isolation to avoid sample contamination with other cells. A portion of
these tumors had been analyzed previously for E-cad methylation (18). The
preliminary results of that study prompted us to expand the tumor sample pool
and to include analysis of a second gene (ER). None of the results for ER
methylation in this tumor set have been reported previously.

Cell Lines. Two human breast cancer cell lines were used as controls for
methylation assays. MCF-7 cells express both ER and E-cad, and the CpG
islands of both genes are unmethylated in this cell line. The MDA-MB-231 cell
line exhibits extensive methylation of theERandE-cadgene CpG islands, and
the cells lack expression of the two genes at both the mRNA and protein level
(13, 14, 16, 17). The cell lines were routinely maintained as described previ-
ously (13).

DNA Isolation. DNA was isolated from the tissues and cell lines as
described previously (14, 16). DNA samples were labeled with a coded
identification number so that MSP analysis could be performed and analyzed
without knowledge of the sample origin.

MSP. ER and E-cad 59 CpG island MSP was performed on sodium bisul-
fite-treated DNA as described previously (15, 17). The ER primers (primer set
#5; Ref. 15) target a region of the gene about 400 bp downstream from the
transcription start site near aNotI site. MSP primers spanning the transcription
start site of E-cad were described previously as Island 3 (17). Earlier studies
showed that methylation in the regions targeted by these primer sets correlated
best with loss of gene expression (15, 17). A fraction of the tumor samples in
the current study were also analyzed with additional MSP primer sets for the
two genes to verify the density of CpG island methylation in these tumors. For
many samples, the methylation status of ER and E-cad was assessed concur-
rently by including primers for both genes in the same reaction (termed duplex
PCR).
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Statistical Analysis. Any tumor sample that reliably yielded a PCR prod-
uct in the methylated reaction visible by ethidium bromide staining was
considered positive for CpG methylation. The Mantel-Haenszelx2 test for
trend was applied to 3-by-2 tables of tumor typeversusmethylation (yes/no)
to assess the change in percentage of methylation with increasing tumor
progression. Then each pair of tumor types was compared using logistic
regression. Significance was set atP , 0.05.

Results and Discussion

The ER and the homotypic cell:cell adhesion molecule, E-cad, both
play a role in maintaining the normal differentiated state of the
mammary gland epithelium (6, 19). Loss of the ER during breast
cancer progression is associated with poorer histological differentia-
tion, higher growth fraction, and poorer clinical outcome and may
represent a key mechanism facilitating hormone resistance (5, 20).
Similarly, loss of E-cad expression has been repeatedly associated
with loss of differentiation, increased invasive and metastatic poten-
tial, and decreased patient survival (6, 9, 11, 21). The transcriptional
silencing of both ER and E-cad in human breast cancer has been
associated with aberrant promoter-region CpG island hypermethyla-
tion. In addition, treatment of human breast cancer cell lines lacking
ER and/or E-cad with DNA methyltransferase inhibitor (5-deoxyaza-
cytidine) elicits CpG island demethylation and re-expression of E-cad
and ER protein, thereby indicating that aberrant methylation of these
CpG islands plays a substantial role in suppressing transcription of
these two key suppressor genes in breast cancer cells (16, 22).

Because expression of both ER and E-cad is lost in association with
aberrant 59 CpG island methylation during breast tumorigenesis, we
sought to define the stage of breast tumor progression at which the
hypermethylation of these two CpG islands begins and whether such
methylation tracks with advancing disease. We analyzed a total of 111

ductal breast carcinomas comprised ofin situ lesions (DCIS), inva-
sive, and metastatic cancers by MSP (23).

The Incidence of CpG Island Methylation Increases with Tu-
mor Progression. MSP has been used previously to detect aberrant
DNA methylation of several genes, includingERandE-cad,in human
cancers (15, 17, 22). Neither gene is methylated in normal breast
epithelia (13–17). However, methylation of the two CpG islands was
evident in all tumor stages and showed remarkably similar increases
during progression from DCIS to metastatic tumors. Methylation of
theERgene was evident in 34% (12 of 35) of DCIS lesions, whereas
E-cad methylation was evident in 31% (11 of 35). Coincident meth-
ylation was present in only 21% of these DCIS lesions. (Fig. 1 and
summarized in Table 1). In invasive and metastatic ductal carcinomas
(IDC or MDC), the incidence of methylation markedly increased
relative to the DCIS lesions. Twenty-five of 48 (52%) IDC samples
showed methylation of the ER or E-cad 59 CpG island (Fig. 2; Table
1). Of these 48 samples, 18 (38%) showed distinct, coincident meth-
ylation of both CpG islands. Of the locally advanced and metastatic
tumor samples, nearly 60% exhibited methylation for each of the CpG
islands (Fig. 2; Table 1), whereas coincident methylation of both CpG
islands was apparent in 50% (14 of 28) of these samples.

These data indicate that the epigenetic inactivation of either gene
may occur early, prior to invasion, but increases as cells acquire
invasiveness and metastatic potential. The Mantel-Haenzaelx2 test for
trend demonstrated that the trend toward increased methylation during
progression was statistically significant for each gene (P , 0.05;
Table 1). Furthermore, pair-wise comparison of the three tumor stages
demonstrated that the incidence of methylation in metastatic tumors
was significantly higher than in DCIS for both ER (odds ratio, 2.96;
P 5 0.039) and E-cad (odds ratio, 3.37;P 5 0.022). The incidence of
methylation in IDC samples was not statistically different from the
other two categories, however.

The trend toward increasing coincident methylation of the two
genes during progression was also statistically significant (P 5 0.013;

Fig. 1. MSP analysis of the E-cad and ER CpG islands in human breast cancers (DCIS).
MSP was used to assess the methylation status of each CpG island. Representative results
from six DCIS lesions are shown. The two genes were analyzed concurrently by per-
forming duplex PCR reactions that contained primers for both islands.u, primers specific
for unmethylated DNA;m, primers specific for methylated DNA.

Fig. 2. MSP analysis of the E-cad and ER CpG islands in human breast cancers (IDC and MDC). Representative results from four primary (1°)-metastatic (met) pairs are shown.
MSP reactions for E-cad and ER were run and analyzed separately. Metastatic sites were as follows:1, bone;2, chest wall;3, axillary lymph node;4, supraclavicular lymph node.u,
primers specific for unmethylated DNA;m,primers specific for methylated DNA. Water served as a negative control, and DNA from MCF-7 and MDA-MB-231 cells served as positive
controls for the unmethylated and methylated reactions, respectively.

Table 1 Incidence of CpG island methylation for ER and E-cad genes in human
breast tumors

Tumor
type

% ER
methylation

% E-cad
methylation

% ER and
E-cad

methylation

% ER or
E-cad

methylation

All 49% (54/111) 48% (53/111 35% (39/111) 61% (68/111)
DCIS 34% (12/35) 31% (11/35) 21% (7/35) 46% (16/35)
IDC 52% (25/48) 52% (25/48) 38% (18/48) 67% (32/48)
LA/MDC 61% (17/28) 61% (17/28) 50% (14/28) 71% (20/28)
P (trend) M-Ha x2 0.034 0.019 0.013 0.032

a M-H, Mantel-Haenszel.
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Table 1). Thus, the frequency of coincident methylation of both CpG
islands increases with advancing disease, suggesting that malignant
progression of ductal breast carcinoma involves the accumulation of
multiple epigenetic “hits.” However, it is important to note that the
similarity in the trends for ER and E-cad methylation was not attrib-
utable to complete coincidence of methylation for the two genes. At
every stage of progression, the rate of coincident methylation was
lower than the incidence of methylation for each individual gene
(Table 1). Overall,;25% of the samples analyzed showed methyla-
tion of either ER or E-cad, but not both. These results imply that
aberrant methylation of these CpG islands does not simply reflect a
generalized increase in CpG island methylation but may reflect a more
specific selection process targeting key suppressor genes.

CpG Island Methylation Is Heterogeneous in Breast Tumors.
In all samples harboring methylation, unmethylated alleles were in-
variably also evident (Figs. 1 and 2). For the IDC and LA/MDC
samples, which were not microdissected, these unmethylated alleles
may reflect the contribution from normal cells in the sample. Alter-
natively, these alleles may be derived from cancer cells that harbored
only unmethylated copies of the E-cad and ER CpG islands. However,
this same heterogeneous pattern was evident in the methylated DCIS
samples, which were carefully microdissected, suggesting that meth-
ylation of these CpG islands in these tumors is heterogeneous. Inter-
estingly, expression studies have routinely revealed that the loss of
both E-cad and ER exhibits distinct heterogeneity in ductal breast
carcinomas (6, 9, 10, 24). In addition our earlier studies have dem-
onstrated that heterogeneity of both ER (15) and E-cad (18) methyl-
ation is associated with heterogeneity of protein expression. Limita-
tions in our ability to recover the tissue specimens associated with
these DNA samples (especially those derived fromin situ lesions)
precluded a simultaneous evaluation in this study. However, it seems
likely that the heterogeneous patterns of CpG island methylation
parallel the heterogeneous loss of E-cad and ER expression in these
tumors.

In summary, these data indicate that the malignant progression of
human ductal breast carcinomas involves a heterogeneous pattern of
methylation for both the ER and E-cad 59 CpG islands that begins
prior to the acquisition of invasiveness and increases for each CpG
island with advancing disease. In the case of E-cad, these results are
particularly striking because loss of E-cad expression is generally
associated with the acquisition of invasive or metastatic potential
rather than the earlier stages of tumorigenesis. Finally, the increase in
the coincident methylation of both CpG islands suggests that malig-
nant progression of human breast cancer involves not only the well-
documented accumulation of genetic “hits” but also an accumulation
of epigenetic “hits” that contribute to the diminished expression of
key tumor suppressor genes likeER andE-cad.

References

1. Beckman, M. W., Niederacher, D., Schnurch, H. G., Guterson, B. A., and Bender,
H. G. Multistep carcinogenesis of breast cancer and tumour heterogeneity. J. Mol.
Med., 75: 429–439, 1997.

2. Heppner, G. H., and Miller, F. R. The cellular basis of tumor progression. Int. Rev.
Cytol., 177: 1–56. 1998.

3. Baylin, S. B., Herman, J. G., Graff, J. R., Vertino, P. M., and Issa, J. P. Alterations
in DNA methylation: a fundamental aspect of neoplasia. Adv. Cancer Res.,72:
141–196, 1998.

4. Jones, P. A., and Laird, P. W. Cancer epigenetics comes of age. Nat. Genet.,21:
163–167, 1999.

5. McGuire, W. L. Hormone receptors: their role in predicting prognosis and response
to endocrine therapy. Semin. Oncol.,5: 428–433, 1979.

6. Bracke, M. E., Van Roy, F. M., and Mareel, M. M. The E-cadherin/catenin complex
in invasion and metastasis. Curr. Top. Microbiol. Immunol.,213: 123–161, 1996.

7. Charpin, C., Garcia, S., Bouvier, C., Devictor, B., Andrac, L., Choux, R., and Lavaut,
M. N. E-Cadherin quantitative immunocytochemical assays in breast carcinomas.
J. Pathol.,181: 294–300, 1997.

8. Gupta, S. K., Douglas-Jones, A. G., Jasani, B., Morgan, J. M., Pignatelli, M., and
Mansel, R. E. E-Cadherin (E-cad) expression in ductal carcinomain situ (DCIS) of
the breast. Virchows Arch.,430: 23–28, 1997.

9. Lipponen, P., Saarelainen, E., Ji, H., Aaltomaa, S., and Syrjanen, K. Expression of
E-cadherin (E-CD) as related to other prognostic factors and survival in breast cancer.
J. Pathol.,174: 101–109, 1994.

10. Siitonen, S. M., Kononen, J. T., Helin, H. J., Rantala, I. S., Holli, K. A., and Isola, J. J.
Reduced E-cadherin expression is associated with invasiveness and unfavorable
prognosis in breast cancer. Am. J. Clin. Pathol.,105: 394–402, 1996.

11. Semb, H., and Christofori, G. The tumor-suppressor function of E-cadherin. Am.
J. Hum. Genet.,63: 1588–1593, 1998.

12. Hiraguri, S., Godfrey, T., Nakamura, H., Graff, J., Collins, C., Shayesteh, L., Doggett,
N., Johnson, K., Wheelock, M., Herman, J., Baylin, S., Pinkel, D., and Gray, J.
Mechanisms of inactivation of E-cadherin in breast cancer cell lines. Cancer Res.,58:
1972–1977, 1998.

13. Ottaviano, Y. L., Issa, J-P., Parl, F. F., Smith, H. S., Baylin, S. B., and Davidson, N. E.
Methylation of the estrogen receptor gene CpG island marks loss of estrogen receptor
expression in human breast cancer cells. Cancer Res.,54: 2552–2555, 1994.

14. Lapidus, R. G., Ferguson, A. T., Ottaviano, Y. L., Parl, F. F., Smith, H. S., Weitzman,
S. A., Baylin, S. B., Issa, J-P. J., and Davidson, N. E. Methylation of estrogen and
progesterone receptor gene 59 CpG islands correlates with lack of estrogen and
progesterone receptor gene expression in breast tumors. Clin. Cancer Res.,2: 805–
810, 1996.

15. Lapidus, R. G., Nass, S. J., Butash, K. A., Parl, F. F., Graff, J. R., Herman, J. G., and
Davidson, N. E. Mapping of theER gene CpG island methylation by methylation-
specific polymerase chain reaction. Cancer Res.,58: 2515–2519, 1998.

16. Graff, J. R., Herman, J. G., Lapidus, R. G., Chopra, H., Xu, R., Jarrard, D. F., Isaacs,
W. B., Pitha, P. M., Davidson, N. E., and Baylin, S. B. E-Cadherin expression is
silenced by DNA hypermethylation in human breast and prostate carcinomas. Cancer
Res., 55: 5195–5199, 1995.

17. Graff, J. R., Herman, J. G., Myohanen, S., Baylin, S. B., and Vertino, P. M. Mapping
patterns of CpG island methylation in normal and neoplastic cells implicated both
upstream and downstream regions inde novomethylation. J. Biol. Chem., 272:
22322–22329, 1997.

18. Graff, J. R., Gabrielson, E., Fujii, H., Baylin, S. B., and Herman, J. G. Methylation
patterns of the E-cadherin 59CpG island are unstable and reflect the dynamic,
heterogeneous loss of E-cadherin expression during metastatic progression. J. Biol.
Chem.,275: 2727–2732, 2000.

19. Henderson, B. E., Ross, R., and Bernstein, L. Estrogens as a cause of human cancer:
The Richard and Hinda Rosenthal Foundation Award Lecture. Cancer Res.,48:
246–253, 1988.

20. Early Breast Cancer Trialists Collaborative Group. Tamoxifen for early breast cancer:
an overview of the randomized trials. Lancet,351: 1451–1467, 1998.

21. Mareel, M., Bracke, M., and Van Roy, F. Cancer metastasis: negative regulation by
an invasion-suppressor complex. Cancer Detect. Prev.,19: 451–464, 1995.

22. Ferguson, A. T., Lapidus, R. G., Baylin, S. B., and Davidson, N. E. Demethylation of
the estrogen receptor gene in estrogen receptor-negative breast cancer cells can
reactivate estrogen receptor gene expression. Cancer Res.,55: 2279–2283, 1995.

23. Herman, J. G., Graff, J. R., Myohanen, S., Nelkin, B. D., and Baylin, S. B. MSP: a
novel PCR assay for methylation status of CpG islands. Proc. Natl. Acad. of Sci.
USA, 93: 9821–9826, 1996.

24. Walker, K. J., McClelland, R. A., Candlish, W., and Nicholson, R. I. Heterogeneity
of estrogen receptor expression in normal and malignant breast tissue. Eur. J. Cancer,
28: 34–37, 1992.

4348

DNA METHYLATION IN BREAST CANCER PROGRESSION
D

ow
nloaded from

 http://aacrjournals.org/cancerres/article-pdf/60/16/4346/2478925/ch160004346.pdf by guest on 24 August 2022


